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INTRODUCTION 
In s tud ie s  of both marine productivity and po l lu t ion ,  knowledge  of the concen- 
t r a t i o n  and the taxonomic  composition  of  phytoplankton  populations is required.  This 
knowledge provides  both direct  and indirect  information about  the biological  and 
chemical conditions in the water column and can of t e n  be used to  e s t ima te  the  l eve l  
of  product iv i ty  or  po l lu t ion .  
Laboratory measurements of population concentration generally use concentration 
of chlorophyll  a, cel l  coun t ,  ce l l  volume, o r  cel l  weight  (per  uni t  volume) as 
indices .  Of these, only chlorophyll  a provides a n  ind ica t ion  of both concentration 
and biochemical a c t i v i t y ,  and it is therefore  the most u s e f u l  and convenient parame- 
ter  t o  measure. The three primary laboratory and field spectrophotometric methods 
current ly  used to  measure chlorophyl l  a a r e  i n  v i t ro  absorbance  ( re f .  11,  i n  v i t r o  
f luorescence   ( re f .  2), and i n  vivo  fluorescence (ref. 3 ) .  A l l  have t h e i r  limita- 
t i o n s ,  e r r o r s  which i n  mixed populations  cannot  always be corrected.  A fou r th  
method, i n  vivo  absorbance,  introduced by Yentsch i n  1957 ( r e f s .  4 and 5) and f u r t h e r  
developed by Konovalov  and  Bekasova i n  1969 ( r e f .  61, is not  cur ren t ly  i n  genera l  
use. 
Population composition has traditionally been measured us ing  d i f f e ren t i a l  cell- 
count  echniques. These techniques  involve t h e  i d e n t i f i c a t i o n  of the  organisms i n  a 
sample by comparing against morphological standards and then grouping the species 
found by s tandard classif icat ion techniques.  Although accura te ,  th i s  type  of mea- 
surement is  very  time-consuming  and requires  highly t ra ined personnel .  An a l t e rna -  
t i v e  method, the use of  unique spectral  character is t ics  (known as s igna tu res )  of these 
organisms,  has  been  discussed i n  t h e  l i t e r a t u r e  ( r e f s .  7 and 8) but never tested. 
It is proposed t h a t  a method based on the i n  vivo spectral  absorpt ion of phyto- 
plankton can be developed t o  measure both concentration and composition of a phyto- 
plankton  population.  Furthermore,  this method would be w e l l  s u i t e d  for  pass ive  
remote-sensing applications following the lead provided by G r a m m s  and  Boyle 
(ref. 9 ) .  To provide a data base for testing assumptions related to  the  proposed 
method, 20 phytoplankton species were grown under laboratory conditions and t h e i r  
absorbance  spectra  over  the  visible  l ight  range were measured. Descriptive statis-  
t ics were then  obtained  and  used t o  compare the  spec t ra .  The primary questions to be 
answered were the following: 
( 1 )  Are there  s t rong  similarities in  the absorbance spectra  of members of major 
taxonomic  groups? 
( 2 )  Are there  s t rong  d i f fe rences  between the absorbance spectra  character is t ic  
of these same groups? 
The s igni f icance  of these  similarities and- d i f f e rences  w a s  then tested by c l a s s i f y i n g  
each culture as to  "color"  group  (green,  blue-green,  golden-brown, and red) based 
only on i ts  absorbance spectra. The v a l i d i t y  of the concept of unique absorbance 
spectra €or the color groups w a s  t e s t ed  fu r the r  by using the spectra  of pure cul tures  
of species from three color  groups to  resolve the components  of mixtures of the three  
species. I n  add i t ion ,  t h i s  da t a  base  w a s  used to  tes t  Yentsch's contention that the 
i n  vivo absorption of seawater samples a t  a wavelength of 670 nm can be used t o  
quant i ta te   the i r   ch lorophyl l   conten t   ( re f .  4 ) .  Finally,   since  the  quantity  measured 
by pass ive  opt ica l  remote sensors is reflectance rather than absorbance, mean 
absorbance spectra of the color groups of the  a lga l  spec ies  used by  Gramms and Boyle 
were compared w i t h  their ref lectance data .  
METHODS AND MATERIALS 
The quant i ty  measured i n  these s tudies  was percent transmission. The da ta  a re  
presented as absorbance because that quantity is more eas i ly  re la ted  to  absorp t ion ,  a  
very  important component of the  remote-sensing  equation. 'The re la t ionship  between 
these  quant i t ies  is presented i n  equation (1 ) . 
A = log  e 
d (a+s 1 
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where 
A absorbance 
a   absorpt ion  c eff cient  
d d i s tance   l igh t   t r ve led  
S sca t t e r ing   coe f f i c i en t  
Transmission of the  algae cul tures  was determined over a wavelength range of 360 t o  
720 nm, essent ia l ly  the vis ible  l ight  range,  using a  scanning t ransmission spectro-  
photometer  (ref. 1 0 ) .  When operated i n  the  absorbance mode, this  spectrophotometer 
automatically computes absorbance from the transmission data and displays it on a 
s t r ip-chart  recorder .  For these s tudies ,  the recorder  was augmented by a  magnetic 
tape recorder,  which allowed the absorbance data to be recorded i n  a format compatible 
w i t h  subsequent computer reduction and ana lys i s  methods. 
The spectrophotometer used for the measurements consists of a tungsten filament 
lamp as  a  l ight  source and a rotating prism monochrometer. A motor-rotated,  slotted 
mirror is used to  a l te rna te ly  route  the  monochrometer l i g h t  through a reference c e l l  
or  a  sample c e l l .  In  the  absorbance  range of 0 t o  1, where approximately 90 percent 
of the  measurements were made, the precision of absorbance data from this spectropho- 
tometer i s  reported by the manufacturer to be +0.005 absorbance u n i t s .  - 
The Shibata technique (ref.  1 1 )  was used t o  improve the  spec t ra l  def in i t ion  
obtained i n  these  measurements. Two ident ica l  p ieces  of opal  glass  were placed 
d i r e c t l y  behind  the  sample and the reference cel ls .  The opal glass produced random 
sca t t e r ing  of a l l  l i g h t  n o t  absorbed by the sample and thereby increased the fraction 
of the  l igh t  sca t te red  by the  sample  which  reached  the  sensor.  Since  the  light 
sca t te red  by the sample contained more spectral  difference caused by l igh t  absorp t ion  
than d id  the nonscat tered l ight ,  an  improved spec t r a l  de f in i t i on  r e su l t ed  from the 
use of the opal  glass  ( ref .  5). 
Calibrat ion of the spectrophotometer was performed with a 3: 1 mixture of algae 
growth medium (nutr ients  plus  seawater)  and 10-percent dextran solution made wi th  
filtered  seawater.  This  mixture was placed i n  both  the  reference and sample c e l l s .  
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Absorbance readings were then set  t o  0 throughout the portion of the spectrum where 
measurements would be made. This procedure enabled the instrument to respond to 
changes in transmission caused only by the presence of the phytoplankton in the 
sample cell. This mixture w a s  used i n  the r e f e r e n c e  c e l l  f o r  a l l  subsequent 
measurements. 
Absorbance data for the phytoplankton species were obtained with mixtures ( 3 : l )  
of dense, pure cultures of t he  d i f f e ren t  spec ie s  and 10-percent dextran solution made 
with f i l tered seawater .  The purpose of the dextran w a s  t o  immobilize  the  phytoplank- 
ton so they could nei ther  migrate  into nor  set t le  out  of the  l igh t  pa th  dur ing  the  
course of t he  measurement. In  conjunction  with  the  absorbance  data,  measurements 
were made on the same cul tures  for  concent ra t ion  of chlorophyl l  a ( r e f .  11 ,  i n  v ivo  
fluorescence,  and ce l l  count  ( ref .  12) .  Algae cel l  counts were performed  with a 
Palmer ce l l ,  us ing  a Whipple disc i n s e r t e d  i n  one of the  microscope  oculars. Three 
drops of formalin were added t o  a 5 m L  sample from t h e  c u l t u r e  f l a s k ,  and 0.1 mL of 
the resul tant  mixture  w a s  in t roduced  in to  the  Palmer cell .  The algae were allowed t o  
set t le  f o r  5 minutes before counting. The mean of th ree  f ie ld  counts  w a s  used t o  
ca lcu la te  the  ce l l  concent ra t ion  in  cells per milliliter. Fluorescence  excitation 
spectra  obtained a t  the  same time from a l l  of these cultures are being prepared for 
publ icat ion.  Select ion of the  phytoplankton  species w a s  d ic ta ted  pr imar i ly  by t h e i r  
a v a i l a b i l i t y .  An e f f o r t  w a s  made to  cover a diverse range but still work pr imari ly  
with species of interest  i n  marine productivity and/or pollution s t u d i e s .  Cul tures  
were maintained and provided by the  Algae Culture Division of t he  Vi rg in i a  Ins t i t u t e  
of  Marine Science ( V I M S ) .  These c u l t u r e s  were unia lga l  bu t  no t  f ree  of bac ter ia .  
They were grown  on N2M medium ( r e f .  1 3 )  a t  a temperature of 19OC under continuous 
l i gh t ing  from a mixture of "warm white,  'I "cool white," and "dayl ight"  f luorescent  
bulbs. Measurements were made  when the cultures reached early-senescent phase,  when 
ce l l  counts  remained cons t an t  fo r  3 consecutive  days.  Early-senescent-phase  cultures 
were s e l e c t e d  f o r  t h e  s p e c t r a l  measurements because they were f e l t  t o  be most 
representa t ive  of the phys io log ica l  s t a t e  of  most phytoplankton i n  t h e i r  n a t u r a l  
habi ta t .  Dupl icate  data  sets w e r e  obtained for  most cu l tu re s ,  and mul t ip le  cu l tures  
were used for  those  organisms  of  principal  interest .   Table 1 lists the  marine 
phytoplankton species on which t h e  i n i t i a l  set  of absorbance data was obtained. 
TABLE 1 . -  ALGAE COLOR GROUPS AND STANDARD CLASSIFICATION OF ABSORBANCSTEST  SPECIES 
Color group 
Blue-green 
Blue-green 
Red 
Red 
Green 
I 
Golden-brown 
Division 
Cyanophyta 
Cyanophyta 
Cyanophyta 
Rhodophyta 
Chlorophyta 
I 
qrriophyb 
I 
Chrysophyta 
I 
Class 
Cyanophyceae 
Cyanophyceae 
Cyanophyceae 
Rhodophyceae 
Chlorophyceae 
I 
Prasinophyceae 
Cryptophyceae 
Dinophyceae 
Dinophyceae 
Haptophyceae 
Dinophyceae 
Bacillariophyceae 
Haptophyceae 
Genus 
synechococcus 
Anacystis 
Porphyridium 
Aphanocapsa 
Nannochloris 
Chlorella 
Chlamydomonas 
Dunaliella 
Tetraselmis 
Prorocentrum 
Hemiselmis 
Peridinium 
Gonyaulax 
Species 
elongatus 
marinus 
roberti-lami 
purpureum 
ttigmatophora 
oculata 
coccoides 
euchlora 
suecica 
triquetum 
minimum 
tamarensis 
paradoxab 
costatum 
simplex 
nitzschoides 
f l u v i a t i l i s  
tricornutum 
:ode no. 
VA- 9 
VA-54 
VA-61 
VA-70 
VA-62 
VA-19 
VA- 63 
VA-74 
VA-8 2 
VA-30 
VA-13 
VA-56 
VA-14 
VA- 44 
VA- 1 2 
VA-28 
VA- 4 6 
VA-59 
VA- 64 
VA-7 2 
VIM 
'Species unknown. 
horn. prov. 
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Absorbance spectra were also obtained on mixtures of three species, one  from 
each  of three  color  groups.  These species were Phaeodactylum  tricornutum  (golden- 
brown),   Dunaliella  euchlora  (green),  and  Anacystis  marinus  (blue-green).  Mixtures  of 
these species  were based on chlorophyl l  5 content  of each culture as determined by 
the  t r ichromat ic  method. Eight  different  mixtures  were made, with the content of 
each species var ied from  10 t o  80 percent of the  t o t a l  volume. Mixtures were e i t h e r  
l : l : l ,   2 :1:1(3) ,   8 :1:1(2) ,  or 5:4:1(2).  Absorbance spec t r a  were f i r s t  o b t a i n e d  f o r  
the pure cultures;  then the mixtures were made from these  cu l tu re s  and the i r  absor -  
bance spec t r a  were determined.  Procedures were the  same as those used for the pure 
cu l tures .  
A l l  absorbance spectra were recorded with a 1/4-in. magnetic tape recorder. 
This approach allowed computer reduction of the data and more f l e x i b i l i t y  i n  t h e  
s e l e c t i o n  of data points for comparative s t u d i e s .  
DATA REDUCTION AND ANALYSIS  
The primary aim of the data  reduct ion w a s  t o  conve r t  t he  r a w  absorbance spectra 
i n t o  a da ta  form  which allowed valid comparisons between the spectra of a lgae  from 
d i f f e r e n t  taxonomic groups and between these data and those  ava i l ab le  in  the  litera- 
ture .  A second aim was to  provide some standard means by which t h e  v a r i a b i l i t y  of 
e i ther  species  or  group absorbance spectra  could be compared. To achieve  these 
goals,  a data reduction program was wr i t ten  which incorporated the fol lowing s teps:  
1 .  A l l  s pec t r a  were  normalized t o  a 10-cm l igh t  pa th  length .  This s t e p  was 
based on the assumption of a l i nea r  r e l a t ionsh ip  between absorbance and cel l  length 
(Beer 's  l a w ) .  
2. Al spec t ra  from each color group were normalized a t  680 nm t o  a chlorophyl l  
a content of about 100 w/L. The chlorophyl l  a va lue  c loses t  to  100 pg/L w a s  s e l ec t ed  
a s  a normalization point.  
- - 
3.  Spectra in each color group were normalized t o  a common c e l l  count.  Different 
groups had different  normalizat ion points  because senescent  populat ions of d i f f e r e n t  
a lgae  produce  d i f fe ren t  ce l l  concent ra t ions .  
4. Mean and s tandard deviat ion spectra  were  computed for each species having 
data  from more than one cu l tu re  and for  each  color  group.  Computation of these 
s t a t i s t i c s  was done a t  0.5-nm intervals  throughout  the vis ible  l ight  spectrum. The 
mean spec t r a  fo r  spec ie s  were  computed  from the mean s p e c t r a  f o r  c u l t u r e s ,  and the  
mean spectra  for  groups were  computed  from the  mean spectra  for  species .  Nei ther  was 
weighted to  account  for  differences i n  the  number of da ta  poin ts  from these 
sources. The s tandard deviat ions of the  color  groups were  based on the  va r i a t ion  of 
both the cultures and the species using equation ( 2 ) .  
2 s =  
r x (x i j  - xi) 
-n i 
1 -k "L - ' i (Xi  - x) 
2 
1 -k 
c (n: - k) + 
. " 
k -  1 
1 -k 
I 
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where 
xi j 
xi 
X mean of color  gr up 
j t h  c u l t u r e  of i t h  s p e c i e s  
mean of ith spec ies  
n 
k number of species in   color   group 
i number of cu l tu re s  of ith spec ies  
S s tandard  deviat ion of color  group 
I n i t i a l l y ,  d a t a  a n a l y s i s  w a s  based l a rge ly  on visual examination of absorbance 
spec t ra  and comparisons  between  species  or  color  groups. The c o e f f i c i e n t  of var ia -  
t i o n  S/x w a s  used t o  compare va r i a t ion  of spectra  within species  or  color  groups.  
To determine the s ta t i s t ica l  s ign i f i cance  of differences observed between the  mean 
spec t ra  of the four color groups, a series of t-tests w a s  performed a t  0.5-nm 
i n t e r v a l s  on each  of the e igh t  poss ib l e  spec t r a  pa i r s .  This procedure w a s  a l s o  
helpful  in  determining the regions of maximum di f fe rences  between these 
representa t ive  spec t ra .  
A c lass i f ica t ion  procedure  was establ ished based solely on the absorbance 
spec t ra  of the 20 species  to  determine i f  the i n  vivo absorbance spectrum over the 
v i s i b l e  l i g h t  range can function as a unique signature of the species  of any color  
group. First, a multivariant  normal-density  function (MVNDF) was computed for   each 
run of each culture of each species (ref.  14)  using the absorbance obtained from t h a t  
run and the mean absorbance of each of the three color groups (blue-green, golden- 
brown, and green) a t  t h r e e  d i f f e r e n t  wavelengths. The wavelengths  selected on the  
bas i s  of t h e  t - t e s t  results were the points  i n  the spectra where the most s i g n i f i c a n t  
differences  occurred. For example,  one  combination  used was 535,  570,  and‘625 nm, 
which  were the points  of maximum di f fe rence  between the mean absorbance spectra of 
the green and  golden-brown, the  red and  golden-brown,  and the blue-green and green 
color  groups. The MVNDF is e s s e n t i a l l y  a probabi l i ty  tha t  the  spec ies  represented  by 
the  tested absorbance  spectrum  belongs t o  a given  color  group. The second s t e p  i n  
the  c lass i f ica t ion  procedure  w a s  to  ident i fy  the  co lor  group of the species  by 
assigning it to  tha t  g roup  hav ing  the  l a rges t  MVNDF. The r e s u l t s  of this c l a s s i f i -  
cation procedure were then  t e s t ed  fo r  e r ro r  aga ins t  t he  known group for each 
species .  The e f f ec t iveness  of  any  three-wavelength  combination as a basis f o r  t h e  
c lass i f ica t ion  procedure  w a s  rated on the  bas i s  of pe rcen t  co r rec t  c l a s s i f i ca t ions  
f o r  each color group. 
The components  of the three-species mixtures were determined from a least-squares  
so lu t ion  of their  absorbance spectra .  A t  each  wavelength,  the  absorbance of t he  
mixture w a s  assumed t o  be the sum of the  absorbances of the  components. Therefore, a 
least-squares solution could be obta ined  for  a three-component mixture i f  t he  abso r -  
bances of the mixture and of the individual species were known a t  t h r e e  or more wave- 
lengths.  U s e  of this s o l u t i o n  a l s o  assumes that the  spectral   shape  remains  the same 
when a spec ies  is t r ans fe r r ed  from a pure-culture environment to  a mixed-culture 
environment. Two types  of  data  bases were used  €or  these  calculations.  The minimum 
data base w a s  the absorbance of the mixture a t  three wavelengths selected on the  
basis of the t-test r e s u l t s ,  whereas the maximum data  base was the absorbance of the  
mixture a t  0.5-nm i n t e r v a l s  from 360 to  720 nm (720 da ta  sets). The f i r s t  made use 
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of only the poin ts  of maximum difference, whereas the second used a l l  possible  
differences  throughout  the  visible  spectrum.  Regression  analysis was used t o  
q u a n t i t a t e  the degree of f i t  between the  ca lcu la ted  and  ac tua l  concent ra t ions  of the  
components in  the mixtures .  
Available data from both the pure- and mixed-culture absorbance spectra were 
used t o  test the  hypothes is  tha t  in  v ivo  absorbance  in  the  red  reg ion  of the spectrum 
is a good index of chlorophyll a content. Regression analysis w a s  used t o  q u a n t i t a t e  
the degree of f i t  between the chlorophyl l  a content, determined by the  t r ichromat ic  
method of S t r ick land  and Parsons (ref .  l ) ,  and the  maximum absorbance in  the  r eg ion  
of 675 nm. This analysis w a s  performed on severa l  da ta  sets, including a l l  c u l t u r e s  
of a l l  20 spec ies ,  a l l  spec ies  but  b lue-greens ,  and a l l  mixtures.  Modified  hypothe- 
s e s  which made use of the difference in  absorbance maximum (a t  680 nm, o r  a t  t h e  
actual wavelength of maximum absorbance i n  t h i s  r e g i o n )  and minimum (minimum 
absorbance i n  the 600- t o  660-nm region,  or  a t  720 nm) were a l s o  t e s t e d .  
- 
DISCUSSION OF RESULTS 
Raw Data 
The r a w  absorbance spectra, normalized to a 10-cm ce l l  length,  are  presented i n  
f i gu res  1 ( a )  to  (d l  . These da ta  have been organized according to "color" group, an 
organizat ion which is basically along conventional taxonomic l ines.  Only one  of the 
species  examined i n  t h i s  s t u d y  had an absorbance spectrum which did not follow the 
c l a s s i f i c a t i o n  scheme presented i n  t ab l e  1. This organism, Aphanocapsa robert i - lami,  
w i l l  be d iscussed  in  a l a t e r  s e c t i o n .  
The r a w  da ta  a re  presented  pr imar i ly  to  show the degree of agreement of repea t  
runs  of the same cu l tu re s .  This agreement was very good, a s  can be seen i n  spec- 
t r a  2* and 3 in the blue-green color group and i n  s p e c t r a  1 and 2 in  the green color  
group. An example  of three repeat  runs of one cu l tu re  can  be found i n  s p e c t r a  7 t o  9 
of f igu re  1 ( c )  . In most cases  repea t  r u n s  were a lmost  ident ica l ,  ind ica t ing  tha t  the 
reproducib i l i ty  of the  instrument w a s  exce l len t .  In general ,   the  shapes of the  
absorbance spectra  are  very s imilar  within color  groups,  par t icular ly  i n  the  440- t o  
720-nm region.  Differences i n  magnitude a r e  p r i m a r i l y  t h e  r e s u l t  of v a r i a t i o n s  i n  
cul ture   concentrat ion.  Although spec t r a  ob ta ined  fo r  cu l tu re s  of low concentrat ion 
appear t o  be q u i t e  f l a t ,  i t  should be remembered that absorbance is an exponent ia l  
funct ion,  and thus the difference between  an absorbance of  1.5  and 0.5 i s  a t t r i b u t a b l e  
t o  a tenfold concentrat ion difference.  One po in t  of i n t e re s t  t h a t  shows up b e s t  i n  
the  raw da ta  is the  d i f fe rences  i n  s lopes between 360 and 440 nm i n  the  golden-brown 
species.  Examination of the  organisms  involved  revealed  that  species  with  negative 
s lopes  in  th i s  r eg ion  were d ino f l age l l a t e s ,  whereas those with positive slopes were 
primarily diatoms. The bes t  examples  of t h i s  phenomenon a re  spec t r a  5 and 6 compared 
with 7 and 8 a t  430 nm i n  figure l ( b ) .  
* 
Unless otherwise indicated,  the number of a spectrum is  counted down from the  
top spectrum a t  360 nm. 
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Figure 1.- Nonnormalized  absorbance spec t ra  of marine phytoplankton from 
the four  major color groups. 
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Descript ive Statistics 
Figure 2 presents  the  mean absorbance spectra of s eve ra l  spec ie s  fo r  which mul- 
t i p l e  c u l t u r e s  were grown. These spec t ra  have  been  normalized a t  720 nm to  a known 
value of chlorophyllaconcentration to  reduce the effect  of l i g h t  s c a t t e r i n g  
( r e f .  4) ;  i n  most cases, a value  near 100 pg/L w a s  se lec ted .  The upper  curve i s  the  
mean plus one s tandard deviat ion,  and the  bottom  curve is the mean minus  one standard 
deviation. Represented in this group are one species each from the  blue-green, 
green, and red  color  groups and four  species  from the  golden-brown color  group. The 
las t  spec ies  represent  four  classes within the two divis ions compris ing this  color  
group. (See t a b l e  1 .) The primary  purpose of th i s   type  of da ta   p resenta t ion  i s  t o  
allow a comparison of the variabil i ty of cultures of the  same species .  In  f ive of 
the seven species the standard deviation w a s  small ,  varying between 1 and  10 percent  
of the mean. Two of the  golden-brown species ,  however,  had s t anda rd  dev ia t ions  tha t  
were considerably  greater .  The s tandard  deviat ion of  Skeletonema  costatum, a diatom, 
w a s  about 20 percent  of the  mean, and t h a t  of the  Hemiselmis spec ies ,  a cryptomonad, 
w a s  s l i gh t ly  g rea t e r  t han  20 percent.  The cause of t h i s  phenomenon i s  unknown, but  
consider ing that  only three cul tures  were used a s  a data base for each organism, a 
s i g n i f i c a n t  measurement e r r o r  i n  one would be s u f f i c i e n t  t o  c a u s e  a change i n  s t a n -  
dard deviat ion of t h i s  magnitude.  This is one a r e a  i n  which add i t iona l  da t a  might  be 
i l luminat ing.  
The  mean absorbance spectra for each species are organized according to color 
group i n  f i gu re  3. These mean spec t ra  have  been normalized a t  680 nm t o  an  absor- 
bance value of 1.0 t o  remove t h e  e f f e c t  of va r i a t ions  i n  cu l ture  concent ra t ion  among 
species .   In   the  blue-green  color   group  ( f ig .   3(a)) ,   the  t w o  species  have  absorbance 
spec t r a  tha t  are s imi l a r  b u t  have a few recognizable  differences.  The most important 
d i f fe rence  is t h e  r e l a t i v e l y  small peak a t  640 nm i n  t h e  Synechococcus elongatus 
(VA-54) spectrum.  Another  difference i s  i n  the  s lope between 360 and 440 nm, where 
one species has a negative slope and the other  has  a posi t ive s lope.  This  i s  a very 
s imi l a r  phenomenon t o  t h a t  observed i n  the  golden-brown color  group (f ig .  3(b)  1. In 
the golden-brown, another  difference i s  the lack of s t r u c t u r e  i n  the 360- t o  660-nm 
region   for   the   d inof lage l la tes  (VA-13, VA-14, and VA-56). I n  the  green  color  group 
( f i g .  3 ( c )  ), a l l  species  show very s imilar  spectra ,  with the rat ios  of  peak he ights  
being very close.  Finally,  i n  the red species (f ig .  3( d )  ) , the absorbance peaks are 
a t  the same loca t ions ,  bu t  the  peak  magnitudes are cons iderably  d i f fe ren t .  This is  
p a r t i c u l a r l y  n o t i c e a b l e  a t  570 nm, where absorbance is  pr imari ly  due t o  t h e  pigment 
phycoerythrin. The d i f fe rences  between the  absorbance  spectra of these t w o  species  
are very l ikely because of the physiological  differences between the organisms. 
Porphyridium  purpureum (VA-70) is a true red algae (member of the  d iv is ion  
Rhodophyta),  whereas Aphanocapsa roberti- lami (VA-61) is a blue-green species which 
is pigmented l ike the red algae.  
”
The  mean absorbance spectra for each color qroup are presented i n  f i gu re  4. 
These mean spec t r a  have been normalized a t  680 nm t o  an absorbance of 1.0 and p lo t t ed  
p lus  and  minus  one standard deviation. This type of data  presentat ion al lows compar- 
isons of the  var ia t ion  of the absorbance spectra of species  within each color  
group. The blue-green,  red, and green  color  groups show only  s l igh t ly  grea te r  var ia -  
tion than found i n  s ing le  spec ies ,  whereas the golden-brown co lo r  group shows a much 
g rea t e r  va r i a t ion  in  some por t ions  of the  spec t ra .  In  the  f i r s t  th ree  co lor  groups ,  
the  var ia t ion  is g r e a t e s t  where the absorbance is the  g rea t e s t ,  which i n d i c a t e s  t h a t  
the  var ia t ion  i n  the  amount  of piqments per c e l l  may be the primary source of the  
d i f fe rences .  The va r i a t ion  found i n  the  golden-brown  group,  however, is much 
g r e a t e r ,  p a r t i c u l a r l y  i n  the off-peak area below  660 nm, and has a different  source.  
In  order to provide more ins ight  in to  the  source  of t h i s  va r i a t ion ,  t he  mean 
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Figure 2.- Mean absorbance spectra, and the mean plus and  minus  one standard 
deviation, of several species representative of the four major phytoplankton 
color groups, normalized to chlorophyll5 concentration given. 
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Figure 3.- Mean absorbance spectra €or a l l  phytoplankton species by color 
group  normalized to an absorbance of 1.0 a t  680 nm. (Species names 
are given in table 1 .  
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Figure 4.- Mean absorbance spectra, and the  mean p lus  and  minus one 
s tandard  devia t ion ,  for  the  four  major phytoplankton color groups 
normalized t o  a n  absorbance of 1.0 a t  680 nm. 
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absorbance spectra for the two major golden-brown subgroups .and the mean plus  and 
minus one s tandard deviat ion were  computed,and are presented i n  f igure  5 .  I n  addi- 
t ion ,  the  mean s p e c t r a  f o r  a l l  s p e c i e s  i n  these subgroups are presented i n  f igure  6. 
Note tha t  the  var ia t ion  i n  the spectra  of the diatoms is approximately that noted i n  
the other  color  groups,  but  the var ia t ion i n  the  spec t ra  of t he  d ino f l age l l a t e s  is 
50 t o  100 percent of the mean, very s imilar  to  that  noted i n  the golden-brown species 
as a whole. Also note that while the mean absorbance of the two subgroups a t  680 nm 
is the same, a t  440 nm it d i f f e r s  by a f ac to r  of 1.4. Since these two wavelengths 
a re  the  loca t ions  of the two major chlorophyll 5 absorbance peaks, it was expected 
tha t  the  ra t ios  would be the same. This  observation, combined with  the  observation 
of the absorbance spectra slope differences between 360 and 440 nm, is  in t e rp re t ed  a s  
ind ica t ive  of a predominance of l i g h t  s c a t t e r i n g  by d ino f l age l l a t e s  i n  t h i s  region. 
Although e f f o r t s  were made t o  minimize e f f e c t s  due t o  s c a t t e r i n g ,  some appreciable 
par t ic le  sca t te r ing  could  have reduced transmission i n  th i s  a rea  of the spectra and 
resu l ted  i n  larger "absorbance" values. 
To fur ther  invest igate  this  unexpected behavior  of the dinoflagellate absorbance 
spectra ,  an a d d i t i o n a l  s e r i e s  of absorbance spectra were obtained from s i x  species  
instead of  the or iginal  three.  The measurement  procedure was modified to further 
reduce the contribution made to the absorbance measurement of l i gh t  l o s ses  due t o  
sca t t e r ing .  A 1-mm path-length cuvette of the same cross  sec t ion  was used for these 
measurements. It was placed as  c lose to  the detector  as  possible  so small-angle 
s c a t t e r e d  l i g h t  would be co l lec ted .  The use of the very shor t  l igh t -pa th  cuvet te  
a l so  minimized  the number  of mult iple  scat ter ing events .  I n  addi t ion  to  two of the 
o r ig ina l  spec ie s ,  spec t r a  were obtained  for  Prorocentrum  micans ( V A - 5 ) ,  Gymnodinium 
splendens ( V A - 6 ) ,  Massartia  rotundata (VA-111,  and Glenodinium  foliaceum ( V A - 4 3 ) .  
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Figure 5.-  Mean absorbance spectra, and the mean plus and minus one standard 
devia t ion ,  for  two major subgroups of the golden-brown color group 
normalized t o  an absorbance of 1.0 a t  680 nm. 
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Figure 6.- Mean absorbance spectra for phytoplankton species belonqing to 
the two major subgroups of the golden-brown color group normalized to 
an absorbance of 1.0 a t  680 nm. 
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7.- Absorbance spectra  of dinoflagel la te  species  obtained w i t h  the  
1-mm cuvette normalized a t  680 nm t o  an absorbance of 0.50. 
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The mean absorbance spectra obtained are presented i n  f igu re  7 (a ) .  These a re  
the mean spectra for each species,  as duplicate cultures were used. Note tha t  fou r  
of the species now exhibit  spectral  absorbance characterist ics very similar to the 
diatoms (see fig.  6(a) for comparison),  and only one species continues to show char- 
ac te r i s t ics  s imi la r  to  those  observed  before  for  the  d inof lage l la tes .  The species 
showing the most "absorbance" i n  the 360- t o  400-nm region  re la t ive  to  its absorbance 
a t  440 nm, G. foliaceum, is  a l so  the  l a rges t  of t h i s  group of d inof lage l la tes .  
Figure 7(b) presents the mean absorbance spectrum for a l l  s p e c i e s  examined i n  the 
add i t iona l  da t a  se t  and the mean plus and minus one standard deviation. Notice the 
much g rea t e r  s imi l a r i t y  between these mean spectra  and those of the diatoms 
( f i g .  5 ( a ) )  a s  compared wi th  the  o r ig ina l  da t a  ( f ig .  5 (b ) ) .  
* -
Figure 8 presents the mean absorbance spectra for the four major color groups 
and the mean plus and minus one standard deviation normalized a t  720 nm t o  c e l l  
count. This type of data presentation allows a  comparison of absorbance  as  a  func- 
t i on  of c e l l  number, a measurement of ten used i n  population composition studies. 
Although a lack of overlapping cell-count data somewhat r e s t r i c t s  d i r e c t  comparisons, 
absorbance of the red species is considerably less than the same concentration of 
blue-green  species.   This  relationship was surprising,  as  the  blue-green  species  are 
much smaller and  would thus  be expected to have less chlorophyll and other pigments 
per c e l l .  However, t h i s  e f f e c t  may be a t  l e a s t  p a r t i a l l y  due to the reduction i n  the 
"s ieve  e f fec t"  ( re f  . 15) noted by  Das e t  a l .  ( r e f  . 16) for the blue-green algae 
Anacystis  nidulans.  This  reduction is due to  the  re la t ive ly  smal l  s ize  and uniform 
pigment content of these organisms, which increases large-angle scattering and 
decreases  small-angle  scattering,  respectively.  These e f fec ts   decrease   l igh t   t rans-  
mission and thus cause an apparent increase i n  absorbance relat ive to  that  of la rger  
organisms whose pigments a re  d i sc re t e ly  d i s t r ibu ted .  
Figure 9 presents the mean absorbance spectra for the four major color groups 
normalized to  ce l l  coun t .  This manner of data presentation allows comparison of 
general  shape character is t ics  among the  four  groups. With the  exception of the two 
major  peaks a t  570 and 635 nm, the mean absorbance spectra of the red and blue-green 
color  groups  are  very  similar. These  groups are  characterized,  therefore,   almost 
so le ly  by the absorbance peaks produced by their water-soluble pigments, phycoery- 
th r in  for  the  red  (centered  a t  570 nm) and phycocyanin for the blue-green (centered 
a t  635 nm). The green and  golden-brown color groups differ primarily i n  t he  s l i gh t  
e f f e c t s  produced by the absorbance of c h l o r o p h y l l h  ( 6 5 5  nm) i n  the green species and 
chlorophyll c (470 nm) i n  the golden-brown species ,  as  wel l  as  some difference i n  the 
region of carotenoid  absorbance  (540 nm). Although  the  species of these two color 
groups have unique predominant carotenoid pigments, t h e i r  i n  vivo absorbances overlap 
t o  such a degree that no unique absorbance peak appears i n  the carotenoid region of 
e i t h e r  group. 
* ~ ~~ 
The reduction i n  "absorbance" i n  the short-wavelength region achieved by 
p lac ing  the  shor te r  cuvet te  nearer  the  l igh t  sensor  ind ica tes  the  or ig ina l  observed  
e f f e c t  was caused primarily by small-angle scattering of l i gh t .  S imi l a r  e f f ec t s  were 
noted by Yentsch ( r e f .  5 ) .  
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Figure 8.- Mean absorbance spectra, and mean plus  and  minus  one standard 
deviat ion,  for the  f o u r  major phytoplankton color groups normalized a t  
720 nm to  ind ica t ed  cel l  count. 
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Figure 9.- Mean absorbance spectra of 
the four  major phytoplankton color 
groups normalized t o  c e l l  c o u n t .  
Analy t ica l   S ta t i s  t ics 
The r e s u l t s  of the  t-test ana lys i s  of d i f fe rences  between the  mean absorbance 
spec t ra  of the color  groups are  shown i n  f i gu re  10. P lo t ted  on each  graph i s  a l i n e  
represent ing  the  t -va lue  equiva len t  to  a l e v e l  of s ign i f i cance  a of  0.05 (95-percent 
confidence level) .  In  four  of the  s ix  poss ib le  compar isons ,  t -va lues  in  excess  of 
t h i s  va lue  were computed f o r  some por t ion  of the spectrum, indicating a s i g n i f i c a n t  
d i f fe rence  between the  mean spec t ra  of those  co lor  groups  in  tha t  reg ion  of t h e  l i g h t  
spectrum. Only these  four  comparisons  are shown i n  f i g u r e  10. Table 2 p resents   the  
key s t a t i s t i c a l  d a t a  and the resul t ing range of s i g n i f i c a n t  d i f f e r e n c e  f o r  a l l  p o s s i -  
ble  combinations. The spec t ra l  range  of t h e  s i g n i f i c a n t ,  o r  maximum, d i f fe rence  i s  
usual ly  associated with a region of maximum absorbance by a single photopigment or 
group of photopigments.  For  example,  the  comparisons  of mean absorbance spectra of 
the blue-green and golden-brown color groups and of the blue-green and green color 
groups are dominated by the absorbance of phycocyanin i n  t h e  610- t o  660-nm region, 
whereas the comparisons of absorbance spectra of the red and green color groups and 
of the red and golden-brown color groups are dominated by absorbance of phycoerythrin 
i n  t h e  550- t o  590-nm region. Of p a r t i c u l a r  i n t e r e s t  is t h a t  t h e  spectral region 
around 535 nm, where the  s ign i f i can t  d i f f e rence  between the  mean spec t r a  of the  
golden-brown and green color groups occurs, is a reg ion  assoc ia ted  wi th  in  v ivo  
absorbance by the carotenoid pigments.  This difference i s  assoc ia ted  wi th  the  long- 
recognized high carotenoid content of the golden-brown a lgae .  More s p e c i f i c a l l y ,  i t  
i s  very  l ike ly  a r e s u l t  of the presence of the carotenoids fucoxanthin or peridinin 
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Figure 10.- Results of t-tests for differences between  the mean absorbance 
spectra  of  the major phytoplankton color groups. Significant  differences 
€or a = 0.05 occur where curve extends above t h e  l ine .  
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TABLE 2.- T-TEST DATA AND RESULTS OF ANALYSIS OF SPECTRAL  DIFFERENCES 
Color group pair  
Blue-green/golden-brown 
Blue-green/green 
Blue-green/red 
Golden-brown/green 
Golden-brown/red 
Green/red 
Diatoms/dinof l a g e l l a t e s  
Degrees 
of 
freedom 
1 1  
5 
2 
14 
1 1  
5 
6 
*No s ign i f i can t  d i f . f e r ence  a t  
t0.95 
2.20 
2.57 
4.30 
2.14 
2.20 
2.57 
2.45 
tmax 
-2.30 
-2.18 
1.89 
Wave length  
of haxl nm 
Range of s i g n i f i c a n t  
d i f fe rence ,  nm 
638 
625 
655 
535 
572 
568 
557 
360 
610 t o  657 
619 t o  627 
None 
517 to  555 
569 t o  576 
None* 
None* 
None* 
a = 0.05; data are for  tmax 
i n  t h e  golden-brown species and the i r  absence  in  green  species. Fucoxanthin  has  been 
reported t o  have in  vivo absorpt ion extending t o  590 nm (ref. 7). 
The r e s u l t s  of the  c lass i f ica t ion  exper iments  were ve ry  in t e re s t ing  and 
encouraging. An example of some of the  data  obtained is presented  in  table 3 .  
TABLE 3.- CLASSIFICATION OF GREEN ALGAE SPECIES BASED ON THEIR 
I N  VIVO ABSORBANCE 
[Wavelengths  of 535,  570, and 625 nm] 
r -___ VIMS 
ode no. 
VA- 1 9 
VA- 1 9 
VA-6 2 
I 
VA-63 
VA- 6 3 
VA-74 
VA- 74 
VA-82 
VA-82 
VA-82 
Culture  
~ ~~~ 
"
Run 
~ ~~ __ 
7 
8 
63 
69 
79 
80 
31 
32 
44 
45 
4 
5 
6 
~~ "- 
T LLF of being - r 
Golden-brown 
. .  
4.46 
2.93 
3.27 
1.61 
3 -03 
3.29 
7.13 
7.04 
3.1 1 
3.36 
5.80 
5 -88 
4.94 
Green 
6.78 
6.63 
7.27 
6 -95 
7 -09 
7.16 
6.92 
6.77 
6 -64 
6.49 
7.02 
7.1 1 
6.65 
Class i f i ca t ion  
error 
N o  
N o  
N o  
NO 
N o  
N o  
Yes 
Y e s  
N o  
N o  
N o  
N o  
N o  
a~~~ w a s  less than -999.9. 
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These are the  tests for  the  green  species for wavelengths of 535,  570, and 625 nm. 
In  th i s  example, the log of the mult ivar iant  normal  densi ty  funct ion (MvNDF), known 
as the   log   l ike l ihood  func t ion  (LLF),  is  presented. Note t h a t  11 of the 13  runs 
(84.6 percent )  are c o r r e c t l y  c l a s s i f i e d .  In  the case of the  two i n c o r r e c t l y  classi- 
f ied  runs  (same cu l tu re  and species), the color group is  i d e n t i f i e d  as golden-brown 
when it is actual ly  green.  This error is the  most l ikely because the mean absorbance 
spec t r a  of the  t w o  color  groups are the  most similar. However, t h e  d i f f e r e n c e  i n  t h e  
LLF in  these  cases is  0.02 out  of a t o t a l  range of about 5.0 X 1 04, c e r t a i n l y  w e l l  
wi th in  the  e r ror  of e i t h e r  measuring the absorbance (0.5 percent) or computing the 
LLF. Obviously  these  absorbance spectra could  belong to  e i ther  co lor  group,  bu t  
def ini te ly  not  to  the blue-green color  group.  The  same might also be s a i d  f o r  
runs 4 and  5,  which are cor rec t ly  c lass i f ied  a l though the i i -  d i f fe rence  is only 0.12 
o u t  of a possible range of  about 7.0 x 1 04. In spite of t hese  e r ro r s ,  t h i s  t ype  of 
c lass i f ica t ion  procedure  is accurate  and demonst ra tes  the  feas ib i l i ty  of c l a s s i f y i n g  
algae as to color group based on their absorbance spectrum. 
The e f f e c t  of selecting absorbance values a t  different  combinat ions of wave- 
lengths on the  e f fec t iveness  of the  c lass i f ica t ion  procedure  is demonstrated i n  
t a b l e  4. One of the  most effective  combinations of  wavelengths is 535,  570, and 
625 nm. Note t h a t  t h i s  combination  includes a wavelength  (570 nm),  which w a s  
TABLE 4.- EFFECTIVENESS OF VARIOUS WAVELENGTH COMBINATIONS FOR 
CLASSIFICATION OF ALGAE AS TO COLOR GROUP 
Absorbance wavelengths 
nm 
535, 570, 625 
535, 620, 647 
535, 625, 680 
440, 535, 625 
535, 625, 655 
Effect iveness  of c l a s s i f i c a t i o n ,  
p e r c e n t  c o r r e c t ,  f o r  - 
.~ . ~ .. ~ . .. . .  
100.0 100.0 
80 .O 100.0 
.. . 
i d e n t i f i e d  i n  t h e  t-tests as the locus of the  most s i g n i f i c a n t  d i f f e r e n c e  between the 
red and  golden-brown  and the red and green color groups, although the red species 
were not  included i n  t h e  c l a s s i f i c a t i o n  tests. However, f o r  some unknown reason, 
t h i s  wavelength is much more effect ive than 440,  647, o r  680 nm, i n d i c a t i n g  t h a t  t h e  
third wavelength has a n  important impact on the  e f f ec t iveness  of t h e  c l a s s i f i c a t i o n  
procedure. An equa l ly  e f f ec t ive  wavelength  combination was 535,  625,  and 655 nm, a 
combination which uses the location of a secondary peak (655 nm) i d e n t i f i e d  i n  t h e  
t - t e s t  series between the mean absorbance spectra of the  golden-brown  and green color 
groups, giving two po in t s  of d i f f e r e n t i a t i o n  between these  two color groups and  one 
poin t  of d i f f e r e n t i a t i o n  between them and the  blue-green  color  group. The percent of 
c o r r e c t  c l a s s i f i c a t i o n s  f o r  t h e  b e s t  wavelength  combinations  (96.1  percent,  or 17 of 
18 species) is a fu r the r  i nd ica t ion  of t h e  f e a s i b i l i t y  of the  c lass i f ica t ion  technique  
and the uniqueness of the absorbance spectra of species belonging to  the  same color  
group 
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Analysis of Mixtures 
Resu l t s  of the two types of mixed-species data analysis are presented i n  
t ab le s  5 and 6. The estimated percentage for each component of each  mixture is given 
opposite  the  actual  percentage. Both a r e  based on c h l o r o p h y l l a c o n t e n t .  The 
TABLE 5.- COMPONENTS OF MIXTURES OF THREE GROUPS OF ALGAL SPECIES FOR 
THREE-WAVELENGTH DATA SET 
[535, 620, and 647 nml 
Mixture code 
l e t t e r  
A 
B 
C 
D 
E 
F 
G 
H 
Correlation 
coe f f i c i en t  
Blue-green species ,  
percent 
Actual Computed 
0.35 0.23 
.26  .21 
.27 021 
.52 
.81 
26 
.19 .11 
.17 .10 
.23  .12 
e32 
0.93 
Golden-brown spec ies ,  
percent 
Actual 
0 -42 0.35 
Computed 
~~- 
.52 
-51 .53 
.56 .81 
.35 .ll 
24 .10 
.38  .26 
.45 27 
.49 
0.91 
~~ 
Green species ,  
percent 
0.30 0.35 
.22 e30 
.46 34 
.22 .36 
.09 .44 
0.32 
TABLE 6.- COMPONENTS OF MIXTURES OF THREE GROUPS O F  ALGAL SPECIES FOR 
720-WAVELENGTH DATA SET 
[360 t o  720 nm a t  0.5-nm i n t e r v a l s ]  
Mixture  code 
l e t t e r  
Correlation 
coe f f i c i en t  
Blue-green species ,  Green species ,  Golden-brown spec ies ,  
percent  percent percent 
Actual 
0.32 
.47 
-23 
23 
38 
08 
.1 0 
.09 
Computed Actual 
0.28 0.37 
.46 
.43 .1 1 
.12 .13 
.83 .08 
. 57 e32 29 .20 
.54 .20 
.28 
Computed 
0.44 . 34 
-63 
.45 
.68 
.90 
.1 2 
.37 
- 
Ac tua 1 
0.31 
.25 
.48 
05 
.09 
.78 ' .48 
23 
Computed 
.52 
0.99 0.96 I 0.98 
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c o r r e l a t i o n  c o e f f i c i e n t  R determined by l i nea r  r eg res s ion  ana lys i s  of the a c t u a l  
versus the computed percentage is also given for each component.  Table 5 presents  
t h e  r e s u l t s  of analysis  using the best three wavelengths whereas table 6 presents  the  
r e s u l t s  of ana lys i s  us ing  the  720 wavelengths from 360 t o  720 nm a t  0.5-nm i n t e r v a l s .  
Note t h a t  even the best three wavelengths (535, 620,  and 647 nm) g ive a good correla- 
t ion for  only two of the three components.  In a l l  cases (see t ab le  4 f o r  o t h e r  
wavelength combinations used), the blue-green component gives  the best c o r r e l a t i o n  
between a c t u a l  and  computed percentage, whereas the green component gives  the poorest  
cor re la t ion .  This  e f fec t  is a t t r i b u t e d  t o  the  strong,  unique  absorbance  spectrum  of 
the  blue-green  algae  and,  conversely, to  the lack of  unique character is t ics  in  the 
absorbance  spectrum of the green algae.  The golden-brown a lgae  are intermediate  in ,  
the uniqueness of their absorbance spectrum and are a l so  in t e rmed ia t e  in  the  
cor re la t ion  obta ined  between t h e i r  a c t u a l  and  computed percentages i n  the mixtures. 
The r e s u l t s  of the  ana lys i s  of the three-wavelength data set i n d i c a t e  t h a t  
absorbance a t  more than three wavelengths is needed t o  o b t a i n  good co r re l a t ions  
between the  ac tua l  and  computed pe rcen tages  fo r  a l l  t h ree  components. The 
720-wavelength da t a  set ana lys i s  ind ica ted  tha t  exce l len t  cor re la t ions  could  be 
obtained  i f  enough absorbance  data sets (i.e., wavelengths) were used. The i d e a l  
number of da ta  sets l ies somewhere between 3 and 720 and  can be determined once the 
des i red  leve l  of co r re l a t ion  between ac tua l  and  computed percentages is es tab l i shed .  
The success of the 720-wavelength d a t a  s e t  computation for estimating the compo- 
nents of the 8 mixtures gives further support  to  the concept of unique absorbance 
spec t ra  for  a lga l  co lor  groups .  In  addi t ion ,  it provides  another  potent ia l  use of 
these  spec t ra l  "s igna tures ,"  which can be r e l a t ed  to  remote sensing of phytoplankton 
population composition. 
V a r i a b i l i t y  of Phytoplankton Absorbance/Reflectance Spectra i n  Nature 
Although the  da ta  repor ted  here in  ind ica te  s ign i f icant  d i f fe rences  among the  
absorbance spectra of a lgae from the four color groups,  there is  some quest ion as t o  
the p r a c t i c a l i t y  of  any technique  for  d i f fe ren t ia t ing  among these groups on t h i s  
basis because of known va r i a t ions  in  the  spec t r a l  r e sponse  of algae caused by changes 
i n  t h e i r  environment.  Environmental f a c t o r s  which have  been r epor t ed  to  a f f ec t  t he  
pigment content/spectral response of a l g a e  i n c l u d e  l i g h t  i n t e n s i t y  and spec t ra l  qua l -  
i t y ,  n u t r i t i o n a l  stress, and extremes of temperature  and s a l i n i t y  ( H a l l d a l ,  
ref.   17).   In  examining  these  reported  effects  to  determine  their   potential   for 
influencing the absorbance/reflectance of a l g a e  i n  t h e i r  n a t u r a l  h a b i t a t s ,  two crite- 
r ia  were applied.  First, were the  environmental  factors  used i n  the  laboratory  stud- 
ies representa t ive  of those that  the algae would normally encounter in these habi- 
t a t s ?  And second, were the  spec t r a l  e f f ec t s  obse rved  in  these  l abora to ry  s tud ie s  of 
a s u f f i c i e n t  magnitude t o  a f f e c t  s i g n i f i c a n t l y  any ana ly t ica l  t echnique  which might 
be developed to d i f f e r e n t i a t e  and quant i ta te  these algal  groups based on t h e i r  
absorbance / re f lec tance   spec t ra l   charac te r i s t ics?  W e  have  found tha t ,   i n   gene ra l ,   t he  
environmental parameters were chosen fo r  t hese  s tud ie s  on the  bas i s  of t he i r  capac i ty  
to  cause the desired environmental  effects ,  par t icular ly  those which would h e l p  i l l u -  
c idate  photosynthet ic-energy t ransfer  pat terns ,  and not because they represented 
natural  habi ta t  condi t ions.  This  is  p a r t i c u l a r l y  t r u e  when t h e  e f f e c t s  of i n t e n s i t y  
o r  s p e c t r a l  q u a l i t y  of l i g h t  have  been s tud ied  ( r e f s .  1 8  and 19) .  Also, many of 
t hese  s tud ie s  r e l a t e  t o  changes i n  t h e  e f f i c i e n c y  of l i g h t  u t i l i z a t i o n ,  which do no t  
a f f ec t  t he  abso rp t ion  o r  r e f l ec t ance  of l igh t .  In  many of those cases i n  which the 
environmental  effects studied were similar to  those noted in  natural  habi ta ts  (most ly  
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nutr i t ional  s tudies) ,  changes noted in  the absorbance spectrum w e r 6  n o t  l a r g e  i n  
re la t ion  to  the  d i f fe rences  noted  between color  groups i n  t h i s  s t u d y .  Thus, it does 
no t  seem t h a t  most  of the environmentally induced effects are s ign i f i can t .  A possi- 
b le  except ion  to  th i s  observa t ion  may be  the  e f fec t  on phycobilin pigment content  and 
related absorbance character is t ics  caused by  some n u t r i t i o n a l  s t r e s s e s  ( A l l e n  and 
Smith, r e f .  20) . 
In  Vivo Absorbance as an Indicator of chlorophyl l  a Concentration - 
A comparison of f ive different  approaches for  handl ing the absorbance data  
showed t h a t  the bes t  cor re la t ion  wi th  ch lorophyl l  a w a s  obtained by e i t h e r  of two 
methods  used to  c o r r e c t  f o r  r e s i d u a l  s c a t t e r i n g  e f f e c t s  and t h a t ,  i n  a l l  cases, the  
cor re la t ion  wi th  ch lorophyl l  a w a s  equa l  to  or be t t e r  t han  tha t  ca l cu la t ed  from 
Yentsch's  data  (ref.  4 ) .  Correc t ion  for  sca t te red- l igh t  losses  was provided by sub- 
t rac t ing  e i ther  the  absorbance  a t  720 nm or  the  minimum absorbance i n  t h e  620- t o  
660-nm region from the maximum absorbance in the region of 680 nm. Since  both  of 
these  methods appea red  equa l ly  e f f ec t ive ,  t he  f i r s t  w a s  s e l ec t ed  fo r  fu r the r  ana lyses  
because it more c l o s e l y  p a r a l l e l s  t h e  method used by Yentsch ( r e f .  4 ) .  It was a l s o  
found t h a t  even though the  abso rp t iv i ty  maximum in  the  r eg ion  of 680 nm was g rea t e r  
for  the blue-green species  than for  any o thers ,  the  cor re la t ion  of absorbance t o  
chlorophyl l  a concentrat ion w a s  n o t  s i g n i f i c a n t l y  improved when these species  w e r e  
deleted from-the data base. 
It i s  in t e re s t ing  to  no te  tha t  t he  maximum absorbance i n  the red region of the  
spectrum  occurred a t  679 nm with a s tandard deviat ion of 2.3 nm. This ,  surpr is ingly,  
is cons iderably  d i f fe ren t  from the  670 nm proposed by Yentsch ( r e f .  4 ) .  The source 
of t h i s  s h i f t  of the absorbance maximum to longer wavelengths appears to be spec- 
t r a l ly  se l ec t ive  l i gh t  s ca t t e r ing .  La t imer  ( r e f .  21)  found t h a t  t h i s  s h i f t  can be a s  
g rea t  as 16 nm and a s  l i t t l e  a s  8 nm, depending upon the growth phase of the organ- 
isms. The maximum s h i f t  w a s  obtained  with  cel ls   in   the  log  phase of  growth. His 
data  ind ica ted  tha t  the  technique  of  Shihata e t  a l .  ( r e f .  1 1 )  s ignif icant ly  reduced 
s p e c t r a l l y  s e l e c t i v e  s c a t t e r i n g .  Based upon our data obtained using their  technique 
compared with the data  of Yentsch ( r e f .  41, it .appears that Yentsch's technique i s  
even more e f f ec t ive  in  ach iev ing  tha t  r educ t ion .  
When the absorbance maximum in  the  reg ion  of 680 nm minus the absorbance a t  
720 nm is  p lo t ted  aga ins t  ch lorophyl l  a concent ra t ion  ( f ig .  1 1 1 ,  a pa t t e rn  is 
observed which appears  to  cor re la te  w i G  color  group membership. Linear regression 
ana lys i s  shows high correlat ions (R = 0.716 t o  0.976) within color groups, with 
c h a r a c t e r i s t i c  s l o p e s  and i n t e r c e p t s  f o r  golden-brown (diatoms and d i n o f l a g e l l a t e s ) ,  
green, and blue-green  color  groups. However, further  examination of the  da ta  shows 
the slope di f fe rences  are more l i k e l y  t h e  r e s u l t  of e r r o r s  i n  e s t i m a t i o n  of 
ch lorophyl la  concent ra t ion  caused  by incomplete extraction of the chlorophyll  with 
90-percent  acetone  (Strickland and Parsons  procedure,  ref. 1 ) .  Those color  groups 
and subgroups exhibit ing the highest  slopes are those which w e  have found t o  be the 
most d i f f i c u l t  to completely extract with that solvent (unpublished data of Powell 
and  Winstead) (i.e., the  diatoms  and  the  blue-greens),  whereas  those showing lower 
s lopes are the greens and d ino f l age l l a t e s ,  which are completely or almost completely 
ex t r ac t ed  by the  S t r ick land  and  Parsons  procedure.  If a l l  the  da ta  are therefore  
t rea ted  as a s ingle  populat ion,  a least-squares  re la t ionship such as p resen ted  in  
f i g u r e  11 is obtained. However, because  of the  b ias  in  the  da ta  caused  by the  
e x t r a c t i o n  e r r o r ,  a n  a r t i f i c i a l l y  h i g h  i n t e r c e p t  is obtained with this approach. The 
hypothe t ica l  re la t ionship  should  be more closely approximated by t h e  l i n e  drawn 
23 
.40 
,.30 
N 
IC a 
8 
$ .20 
<o 
Q 
.IO 
0 
0 CHLOROPHYTES (GREEN) 
0 DINOFLAGELLATES (GOLDEN-BROWN) 
0 DIATOMS  (GOLDEN-BROWN) 
A CYANOPHYTES (BLUE-GREEN) 
CHRYSOPHYTES (GOLDEN-BROWN) 
0 CRYPTOPHYTES (GOLDEN-BROWN) 
0 RHODOPHYTES (RED) - LINEAR REGRESSION LINE (n = 301 
HYPOTHETICAL RELATIONSHIP 
A 
200 400 600 800 1000 
CHLOROPHYLL B (pg/L 1 
Figure 11.- Relationship of absorbance a t  680 nm A680 correc ted  for  sca t te r ing  
by subtract ion of absorbance a t  720 nm and ch lo rophy l l5   concen t r a t ion  
of 30 a lgae  cu l tures .  L inear  regress ion  coef f ic ien ts  a re  for  a l l  da ta .  The 
"hypothet ical  re la t ionship" assumes complete ex t rac t ion  of chlorophyll a as 
indicated by two species known t o  be completely extracted by 90-percent- 
acetone. 
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through the points representing Synechococcus elongatus and Dunaliella euchlora,  two 
species  which have repeatedly been shown t o  be completely extracted with 90-percent 
acetone (unpublished data of  Powell  and  Winstead).  This r e l a t ionsh ip  is supported by 
a fu r the r  ana lys i s  which co r rec t s  t he  e s t ima ted  ch lo rophy l l a  va lues  by multiplying 
by an e x t r a c t i o n  e f f i c i e n c y  r a t i o  E for  each  species:  
Chlorophyll a extracted with dimethyl-sulfoxide/methanol (4/3) 
E = ~  . .  ~lo~r~o.p.~y.l-l- a r~ark;a wit 
h 90-percent acetone 
This r a t i o  is a v a i l a b l e  f o r  s i x  s p e c i e s  from previous unpublished work in our labora- 
tory.  The regression l ine obtained when the corrected chlorophyl l  a values are sub- 
s t i t u t e d  f o r  t h e  o r i g i n a l  estimates is very close to  the two-species  l ine mentioned 
above  and p l o t t e d  i n  f i g u r e  11 as the  hypothe t ica l  re la t ionship .  W i t h  t h i s  L a t t e r  
r e l a t ionsh ip ,  an i n  vivo absorptivity value of 24.6  L/g-cm can be calculated.  This 
value is about  half  the values  calculated from cu l tu re s  (ref. 9) and  ocean  samples 
( r e f .  22)  f o r  which acetone was used  and is  about one-third t o  one-quarter of the 
abso rp t iv i ty  of chlorophyl l  - a in   o the r   o rgan ic   so lven t s   ( r e f .  7 ) .  
The absorbance data from the mixed-species measurements largely supports the 
conclusions  based on the  s ingle-species   data .  The c o r r e l a t i o n  between the  absorbance 
increment ( a t  about 680 t o  720 nm) and chlorophyl l  a content  i s  f a i r  t o  good f o r  a l l  
data  sets.   (See  table  7.)   In  the  cases of mixtures  I and I V ,  i n  vivo  quant i ta t ion 
TABLE 7.- EFFECT OF PHYTOPLANKTON MIXTURE COMPONENT SPECIES ON RELATIONSHIP O F  
ABSORBANCE AND CHLOROPHYLL a CONTENT AS REVEALED BY LINEAR  REGRESSION ANALYSIS  
[680-nm t o  720-nm wavelength] 
- 
. .  . .  
Mixture 
" .. 
Linear  regression data  
Species 
Slope - n 
P. tricornutum 
Chlorel la  sp.  
A. marinus 
P. tricornutum 0.000246 
D. euchlora 
A.  marinus 
- 0.000235 
- 
- 
" 
- 
- 
0.957 
0.820 
8 
8 
I1 - P. minimum 
D. euchlora 
A. marinus 
-
- 
P. paradoxa 
D. euchlora 
A. marinus 
~ ". "_ 
0.707 
0.701 
8 
8 
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of chlorophyll  a based on the value for  absorpt ivi ty  of  24.6 L/g-cm gives values 
a lmos t  i den t i ca l  to  those obtained by ex t rac t ion  wi th  dimethyl-sulfoxide/methanol 
(4/3) and quan t i t a t ion  by i n  v i t r o  absorbance (ref.  1 )  . However, i n  the two other 
mixtures,   the  chlorophyll  a content  is overestimated  with the i n  vivo  technique. I n  
these  cases ,  ex t rac t ion  errors should  not  cont r ibu te  s ign i f icant ly ,  and it must be 
concluded that  the species  (color  group)  composi t ion of a mixture has an inherent 
e f f e c t  on the  in  v ivo  abso rp t iv i ty .  However, c a l i b r a t i o n  of the in vivo technique 
using an in v i t ro  method which gives complete extraction would make the approach more 
a t t r a c t i v e .  This could be done i n  a manner similar t o  t h a t  used for  the  es t imat ion  
of chlorophyll  - a content  by i n  vivo  f luorescence  (ref . 3 ) .  
Comparison of Spec t r a l  Absorbance and Reflectance 
A comparison of the mean absorbance spectra of the green and blue-green color 
groups with the mean ref lectance obtained by G r a m m s  and  Boyle ( r e f .  9) f o r  one spe- 
cies from each  of  these color groups i s  p resen ted  in  f igu res  12(a) and ( b )  . Reflec- 
t a n c e  r e l a t i v e  t o  a barium su l fa te  s tandard  is  p lo t t ed  r ec ip roca l ly  so t h a t  a d i r e c t  
comparison  can be made between the  two q u a n t i t i e s .  It i s  i n t e r e s t i n g  t o  note how 
c lose  the  r e l a t ionsh ip  is, pa r t i cu la r ly  in  the  b lue  and green portion of the spec- 
trum. Above 550 nm, however, a d i s t inc t  d i f fe rence  begins  to  appear ,  which is par- 
t i cu la r ly  no t i ceab le  i n  the  green  algae. This d i s p a r i t y  i s  la rge ly  due t o  t h e  
reduced reflectance (actually radiance) caused by the absorpt ion of wa te r  i n  th i s  
region of the spectrum. This e f f e c t  w a s  not recorded in our absorbance data because 
of the  use of a reference  sample. The a t tenuat ion  da ta  on d is t i l l ed  water  ob ta ined  
by Duntley ( r e f .  23) a re   p resented   for  comparison. When absorbance  and  reflectance 
da ta  for  the  same color group are plotted against  each other,  a c o r r e l a t i o n  t o  t h e  
l inear  regression l i n e  of -0.982 and -0.990 is obta ined  for  the green and blue-green 
color  groups  for  the  portion of the  spectrum from 400 t o  550 nm. For the region from 
400 t o  700 nm, the  respec t ive  cor re la t ions  a re  -0.833 and -0.800. Note t h a t  i n  s p i t e  
of the water  effect  above 550 nm, the absorpt ion of the algae predominates in the 
ref lectance  "s ignature ."  This predominance r e s u l t s  i n  the   eas i ly   recognized   fea tures  
produced by the  absorption of phycocyanin and chlorophyl l   a .   This   indicates   that ,  a t  
the very least ,  this technique should allow remote differentiation between  green/ 
golden-brown species  and blue-green species if these organisms are the predominant 
l igh t  absorbers .  
Fur ther  suppor t  for  the  hypothes is  tha t  the  l igh t  absorp t ion  charac te r i s t ics  of 
a lgae are mirrored by re f lec tance  is provided by the recent unpublished data of 
Farmer, Col l ins ,  and L e w i s ,  who have  measured the radiance of sunl ight - i r rad ia ted  
cu l tu re s  of a l g a e  i n  a 100-L tank. A comparison  between t h e i r  d a t a  f o r  a cu l tu re  of 
Phaeodactylon tricornutm' mixed with a l igh t -sca t te r ing  sed iment  (concent ra t ion  of 
10 mg/L) and the absorbance of the same organism  measured i n  t h i s  s t u d y  ( f i g .  1 3 )  
shows t h a t  a l l  major absorbance peaks are reflected by minima i n  the radiance spec- 
trum. In  addi t ion ,  the  e f fec t  i s  proport ional ,   except  a t  longer  wavelengths where 
the absorpt ion of l i g h t  by water enhances the radiance reduction caused by chloro- 
phyl l  a absorption. From l inear  regress ion  ana lys i s ,  it was determined tha t  the  cor -  
r e l a t i o n  between the radiance and absorbance spectra is -0.82 f o r  t h i s  d a t a  set. An 
improved co r re l a t ion  would resu l t  i f  the  absorbance  of water is added t o  the  a lgae  
absorbance and t h i s  sum is used in  the  regress ion  ana lys i s .  This  same r e l a t i o n s h i p  
between light absorption/absorbance and ref lectance/radiance w a s  noted by Kiefer  
e t  al .  ( r e f .  24) i n  continuous  cultures of  Pavlova  (Monochrysis) l u the r i  and ,  t o  a 
lesser ex ten t ,  in  ba tch  c u l t u r e s  of the diatom Thalassiosira psuedonana. 
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Figure 12.- Comparison of mean absorbance of two color groups and reflectance 
of  a  representative  species from each color group (re f .  9).  Note inverted 
reflectance scale. 
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Figure 13.- Comparison  of absorbance and radiance (unpublished data of Farmer, 
Col l ins ,  and  Lewis)  of cu l tu re s  of Phaeodactylon tricornutum. 
CONCLUSIONS 
Examination of the absorbance spectra of 20 spec ies  of phytoplankton from the 4 
major color groups has led to the following conclusions about their  variation, 
s i m i l a r i t i e s ,  and d i f fe rences :  
1 .  The va r i a t ion  of the absorbance spectra  of  different  cul tures  of the same 
species  (grown under  the same condi t ions)  is usual ly  small ,  the  s tandard deviat ion 
being generally less than 10 percent of the  mean. 
2. The va r i a t ion  of the absorbance spectra of different species of the  same 
color group (grown under the same condi t ions)  is also small  (except  in  the golden-  
brown color group). 
3.  The major sources of s p e c t r a l  v a r i a t i o n  i n  t h e  golden-brown color group are 
the  d inof lage l la tes ,  whose l a r g e  s i z e  and low r a t i o  of pigment t o  volume evident ly  
cause more v a r i a b i l i t y  i n  l i g h t  s c a t t e r i n g  and s t r u c t u r a l  absorbance. 
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4. The mean absorbance spectra  for  the red and blue-green color groups are q u i t e  
unique and can be e a s i l y  d i f f e r e n t i a t e d  from each other and  from those of the golden- 
brown and green color groups. 
5. The mean absorbance spectra for  the  golden-brown  and green color groups are 
similar but  have some de tec tab le  d i f fe rences .  
6. Regions of s i g n i f i c a n t  d i f f e r e n c e  between color group mean absorbance spectra 
are centered a t  535, 570, and  625 nm and are c h a r a c t e r i s t i c  of the species  of t he  
golden-brown, red,  and  blue-green  color  groups,  respectively. The green  color  group 
species have no significant, unique absorbance peaks, just the absence of the above 
fea tures .  
Fur ther  ana lys i s  of the  mean absorbance spectra for both species and color groups 
has led to  the fol lowing conclusions about  the s ignif icance of bo th  the i r  spec t r a l  
c h a r a c t e r i s t i c s  and r e l a t i v e  magnitudes: 
7. The absorbance spectra of a lgae  co lor  groups  a re  suf f ic ien t ly  unique  in  tha t  
a c lass i f ica t ion  procedure  w a s  developed which c o r r e c t l y  c l a s s i f i e d  17  of  18 spec ies  
as t o  color group  based  only  on the i r  v i s ib le  absorbance  spec t ra .  This c l a s s i f i c a -  
t ion procedure appears to have l imited usage in  the laboratory ident i f icat ion of 
a lgae,  but  the results do suppor t  t he  f eas ib i l i t y  of the algae color group "signature" 
concept. 
8. The components  of a mixture of three species ,  each representat ive of a d i f -  
f e r en t  co lo r  group,  can  be quan t i t a t ed  from the absorbance spectrum of the mixture  i f  
the  absorbance  spectrum  of  each  species is known. The number of points  on the  spec- 
t ra  requi red  to  obta in  quant i ta t ion  is  dependent upon the  accuracy  required. The 
same resu l t s  can  be obtained using mean color group absorbance spectra, but more 
spec t r a l  po in t s  are required.  
9. I n  pure phytoplankton cultures, absorbance a t  t h e  maximum in  the  reg ion  of 
680 nm is s t rong ly  ind ica t ive  of the chlorophyll  a concentration, provided the absor- 
bance  peak is ad jus t ed  fo r  r e s idua l  s ca t t e r ing  e f f ec t s  by subtracting the absorbance 
a t  720 nm. The in vivo absorpt ivi ty  value of 24.6 L/g-cm ca lcu la ted  from t h i s  d a t a  
base should provide a more accurate  es t imate  of t o t a l  ch lo rophy l l  a than previously 
published values because it is based  on in  v i t ro  ch lo rophy l l  a concentrat ions deter-  
mined from more completely extracted samples. 
- 
10. In mixed cu l tures  conta in ing  representa t ive  spec ies  from three color groups, 
the adjusted absorbance maximum in  the  reg ion  of 680 nm is a l so  s t rong ly  ind ica t ive  
of the chlorophyl l  a concent ra t ion ,  bu t  the  absorp t iv i ty  va lue  var ies  s ign i f icant ly  
with species composition. Calibration of the in vivo technique by occas iona l  i n  
v i t ro  ana lyses  is poss ib le  and makes the technique more a t t r a c t i v e  f o r  remote-sensing 
appl ica t ion .  
11.  The mean absorbance spectra for the green and blue-green color groups corre- 
late w e l l  with the inverse of re f lec tance  for  two spec ies  from these groups, and the 
mean absorbance spectrum for the diatom Phaeodactylum tricornutum is inversely corre-  
la ted with radiance of the same organism in  sunl ight .  S ince  re f lec tance  and radiance 
a r e  q u a n t i t i e s  measured by passive remote sensors,  the differences in absorbance 
spectra noted among t h e  a l g a l  color groups should form a bas i s  fo r  pas s ive  remote 
sensing of phytoplankton  population  composition a t  t h i s  l e v e l .  However, these 
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observations are probably only applicable to those waters i n  which light absorption 
by the phytoplankton is  a major component of the total absorption. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
November 4, 1982 
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